We have developed a method to obtain a polymer gel consisting of a relatively homogeneous network structure composed of polymers with a narrow molecular weight simply by mixing the necessary compounds. In this method, a radical chain polymerization reaction with a fast reaction rate is combined with a radical addition cross-linking reaction that has a sufficiently slow reaction rate compared with the polymerization reaction. For the polymerization reaction, a multifunctional initiator with a strictly controlled number of polymerization initiation sites was used to prepare a star polymer with a chain number and length determined by living radical polymerization. In the cross-linking reaction, a multifunctional terminating agent was used to prepare a star polymer from a polymer with a narrow molecular weight via living radical polymerization followed by coupling with multiple polymer chains using a termination reaction. As a result, two kinds of reactions with greatly different kinetics occurred sequentially only when all of the compounds were mixed and allowed to stand at a constant temperature, and a relatively homogeneous network structure comprising cross-linked polymers with a low molecular weight distribution was inherently constructed.
Introduction
Polymer gels consist of a cross-linked three-dimensional polymer network swollen with excess solvent 1, 2 . Fundamental studies using polymer gels have been undertaken in various disciplines, such as chemistry, physics, biology, and pharmacology [3] [4] [5] [6] . Applied research utilizing polymer gels has also been extended to a wide variety of fields, including medicine, civil engineering, architecture, and space exploration 7, 8 . In particular, there are two reasons why polymer gels are used in a wide range of basic and applied fields. First, anyone can obtain polymer gels that exhibit similar properties simply by dissolving the necessary monomers and cross-linking agent in a solvent and then degassing and introducing the initiator. Second, the polymer gels obtained by this simple method feature various functional properties, such as molecular sieving abilities, super absorbency, sustained release capability, and lens function. Briefly, because everyone can easily prepare polymer gels with various possibilities, polymer gels are of interest as research subjects, and their applied research has been widely reported. However, the polymer networks of polymer gels prepared by conventional radical polymerization have nonhomogeneous network structures composed of polymer chains of different molecular weights (Scheme S1) [9] [10] [11] . Therefore, conventional polymer networks may not fully exhibit the various functions of polymer gels, such as molecular sieving ability, mechanical strength, transparency, solvent retention capacity, stimuli responsiveness, and biocompatibility. If a polymer gel can be prepared from a polymer network composed of monodisperse polymers, a gel with improved functionality can be obtained.
Previously, the construction of a polymer gel having a network structure composed of monodisperse polymers was attempted by the synthesis of linear, high-molecularweight, reactive monodisperse polymers followed by multifunctional cross-linking [12] [13] [14] . In addition, other twostep preparation methods have been reported, such as a method of reacting polymer precursors composing monodisperse polymers with four terminal reactive groups and then cross-linking them [15] [16] [17] . The polymer gels obtained by these methods have good mechanical properties and optical transparency. If we can find a simpler synthetic method to obtain polymer gels with network structures composed of monodisperse polymers using various other kinds of polymers, then polymer gels with improved functionalities compared to those of the gels studied previously may be achieved. Furthermore, studying the applications of polymer gels composed of monodisperse polymers to a wide range of fields will lead to new findings.
In this work, we sought to develop a method that can inherently synthesize a network structure composed of monodisperse polymers simply by mixing the necessary compounds (Scheme 1). To realize this goal, a polymerization reaction with a fast reaction rate and a crosslinking reaction with a sufficiently slow reaction rate compared with the polymerization reaction, both of which are driven by the same catalyst, were combined. With the recent development of living radical polymerization, many reactions capable of producing various kinds of monodisperse polymers in a short time have been discovered 12, [18] [19] [20] . For example, in a polymerization reaction of N-isopropylacrylamide (NIPA) using a halogenated organic compound as an initiator and a copper catalyst, a polymer with a desired molecular weight and narrow molecular weight distribution (MWD) can be obtained in almost 100% yield within a few hours [21] [22] [23] . On the other hand, the same copper catalyst used in this polymerization can also catalyze a reaction in which a halogenated organic compound is added to an allyl group 24, 25 . This catalyst enables simultaneous chain growth and sequential polymerization by combining sequential polymerization using this addition reaction and living radical polymerization. Here, since the rate of the addition reaction to the allyl group is much slower than that of the polymerization reaction of NIPA, when the initial concentration of NIPA is increased, polymers of narrow molecular weight are first formed by living radical polymerization and then become periodic multiblock copolymers via the addition reaction. We thought that the reaction between halogen-terminated polymers, which are prepared by the living radical polymerization method mentioned above, and a compound with multiple allyl groups could be utilized as a slow cross-linking reaction.
Scheme 1 a State immediately after mixing the necessary compounds. b A state in which a star polymer was formed from a multifunctional initiator by living radical polymerization. c A state in which a homogeneous network has been constructed by the reaction between the star polymer and multifunctional terminator. Mixing a multifunctional initiator, monomer, multifunctional terminator, and catalyst causes a radical chain polymerization reaction to occur with a fast reaction rate and a radical addition cross-linking reaction with a sufficiently slow reaction rate compared with the polymerization reaction. In this schematic diagram, with ideal progression of the reactions, a polymer gel having a homogeneous network structure with monodisperse polymers between the cross-linking points can be obtained. Considering mutual steric hindrance around the cross-linking point, the multifunctional terminator reacts with the two polymer chains in this scheme. The catalyst is omitted in the schematic illustration From this perspective, we prepared a polymer network composed of polymers of a narrow MWD by combining the multifunctional initiator method and a multifunctional terminator method. In the multifunctional terminator method, polymers of relatively narrow molecular weight are prepared beforehand by living radical polymerization and then coupled with multiple polymer chains via a termination reaction to prepare a star polymer. After the necessary compounds were mixed, two reactions with different reaction rates occurred sequentially in an attempt to synthesize a polymer gel with a relatively homogeneous network structure from polymers of a narrow MWD. As a result, we elucidated a possible method of inherently constructing a polymer gel composed of a relatively homogeneous network structure in which various types of macromolecules of narrow molecular weight are cross-linked.
Results and discussion
Synthesis of a four-branched star polymer by the multifunctional initiator method
In the polymerization of vinyl monomers using a copper catalyst and a halogenated organic compound as an initiator in a mixed solvent system of dimethylformamide (DMF) and water, a disproportionation reaction of copper occurs, initiating single-electron transfer living radical polymerization 26 . As a result, a polymer with the desired monodisperse polymers can be obtained in a short time and in high yield. Using single-electron transfer living radical polymerization of a multifunctional initiator, namely, the four-branched halogenated organic compound pentaerythritol tetra(2-chloropropionate) (PETCP), enabled the synthesis of a star polymer composed of four monodisperse polymers.
First, to investigate the influence of the solvent composition on the polymerization reaction, PETCP was employed as the initiator in a mixed solvent system of DMF/water at various compositions in which NIPA was used as the vinyl monomer to generate a thermoresponsive polymer. The reaction was thus performed in the DMF/water mixed solvent system with different DMF compositions (25, 50, or 75 vol% DMF). The NIPA polymerization was performed at a reaction temperature of 4°C and a total monomer concentration of 2 M using 1/2000 equivalents of PETCP (relative to NIPA). Figure 1a shows the progress of the polymerization reaction in which PETCP, NIPA, and CuCl as the catalyst and Me 6 TREN as its ligand were dissolved in the mixed solvent system of various compositions of DMF/water under an argon atmosphere. Immediately after all of the compounds were mixed, the polymerization of NIPA proceeded, and when the composition of DMF was 25%, almost all of the NIPA was consumed in approximately 2 h. When the composition of DMF was 50%, the reaction rate slightly decreased compared with that with 25% DMF, but over 95% of the monomer was still consumed in approximately 4 h. On the other hand, when the composition of DMF was 75%, the progress of the polymerization became much slower, and only approximately 67% of the NIPA was polymerized even after 24 h.
The is the concentration of the monomer at a given time. In all systems, the first-order plot showed a linear relationship. The reaction rate constant k was obtained from the slope of this straight line, and as the DMF composition ratio in the DMF/water mixed solvent system increased, k decreased. These results confirmed that a higher water composition ratio in the mixed solvent system resulted in a higher polymerization rate.
Plots of the number average molecular weight (M n ) and MWD (M w /M n ) obtained by size-exclusion chromatography (SEC) against the percent conversion are shown in Fig. 1c, d , respectively. It was confirmed that the conversion and number average molecular weight were well controlled and in a proportional relationship under all three conditions. In contrast, a large difference was found between the conversion and the MWD. During the initial stage of polymerization (reaction extent of 25% or less), a larger DMF composition ratio resulted in a smaller MWD of the obtained polymer. Comparing the polymerizations performed using 25 vol% of DMF and 50 vol% of DMF revealed that narrow MWD polymers can be obtained initially in the latter case. On the other hand, for the polymerization carried out under the condition of 75 vol% DMF, the chain elongation step hardly proceeded, and the MWD also increased after the reaction extent reached 60% in the latter half of the polymerization. In fact, it has been reported that the same trend was observed in the synthesis of linear PNIPA, which is consistent with the results in this study 22 . These results indicate that a DMF/ water mixed solvent system with 25 or 50% DMF efficiently accelerated the polymerization reaction of NIPA and provided polymers with controlled molecular weight.
Influence of solvent composition and temperature on the swelling of a poly(N-isopropylacrylamide) (PNIPA) gel PNIPA and PNIPA gels are known to exhibit concave solubility or degree of swelling curves in a mixture of an organic solvent and water [27] [28] [29] [30] . Depending on the composition of the mixed solvent, even when the monomer is dissolved in the solvent system, the resultant polymer may not stay dissolved. That is, when a mixed solvent is used for the gelation of NIPA, the PNIPA gel adopts a collapsed state under certain solvent compositions. When a PNIPA gel is synthesized in these solvent systems, the polymer aggregates and precipitates, preventing the formation of a polymer gel having a homogeneous network structure composed of polymers with a desired molecular weight 31 . To prepare a polymer gel with a homogeneous network structure, it is preferable that the solvent used be a sufficiently good solvent for the constituent polymer, which ensures that the polymer gel is sufficiently swollen.
Therefore, a cylindrical PNIPA gel prepared by a conventional radical polymerization method using methylenebisacrylamide (MBAA), which is a commonly used cross-linking agent, was used to investigate the composition dependence of the degree of swelling of the PNIPA gel in the DMF/water mixed solvent system. This PNIPA gel was prepared using water as a solvent at 4°C because, under these conditions, it behaves as a sufficiently good solvent 32 . Additionally, as the quality of the solvent for the polymerization can change depending on both the temperature and composition of the solvent, the effect of temperature on the degree of swelling of the PNIPA gel was also investigated. Figure 2 shows the degree of swelling of the PNIPA gel measured at different temperatures in a DMF/water mixed solvent system of various compositions. The degree of swelling L/L 0 is obtained, where L 0 is the length of the polymer gel at the time of preparation and L is the length of the polymer gel under a given condition. Under conditions with 50% or less DMF in the mixed solvent system and temperatures of 35°C or less, as the amount of water increased, the PNIPA gel swelled greatly but shrank with increasing temperature 30 . In contrast, the PNIPA gel shrank when the amount of water increased to 40°C or higher. When 50% or more DMF was used, the temperature dependence was small, but swelling still occurred when the amount of DMF was large. That is, it was found that, at 35°C or less, the PNIPA gel in the DMF/water mixed solvent system exhibits a concave degree of swelling curve compared with the gels in each of the pure solvents. When the gelation of NIPA is carried out under the condition that the value of L/L 0 is 1 or less, aggregation can be envisaged as the polymer network is formed, and a polymer gel with coarse density in the network structure can be obtained. Therefore, it is considered desirable to synthesize a polymer gel at a solvent composition and temperature such that the value of L/L 0 becomes 1 or more. Based on the polymerization conditions of NIPA and the swelling behavior of the PNIPA gel described above, it is understood that a PNIPA gel should be prepared at a low temperature of 20°C or less using a mixed solvent system with less than 50% DMF.
Preparation of homogeneous PNIPA gels
We have worked on the preparation of PNIPA gels using mixed solvents of various DMF compositions. In addition to PETCP, NIPA, CuCl, and Me 6 TREN, 1,3,4,6-tetraallylglycoluril (TA-G), a four-branched allyl compound, was also dissolved in the DMF/water mixed solvent system of various compositions under an argon atmosphere to prepare the pre-gel solutions, and the time course of the reaction was observed. In all of the systems, until the progress of the polymerization of NIPA initiated by PETCP was completed (i.e., at 5 h), the viscosity increased but the reaction mixture remained in solution state. However, in the system with a DMF composition of 25%, gelation occurred after 6 h (Fig. 3) . In other words, in this reaction system, following the completion of the polymerization reaction of NIPA initiated by PETCP, the halogen terminal group on each polymer chain underwent the addition reaction with TA-G as a multifunctional terminator, thereby affording a polymer gel. In this system, 5 equivalents of TA-G were added relative to PETCP. If 1 equivalent of TA-G was added to PETCP, the viscosity of the solution increased with polymerization, but gelation was not observed (Tables S1 and S2 , and Fig. S1 ). Moreover, partial gelation was observed when 2 equivalents of TA-G were added. Gelation of the entire system was observed when 3 or more equivalents of TA-G were added, and when 5 equivalents of TA-G were added, a transparent and elastic polymer gel was obtained.
To monitor the degree of cross-linking over time of monodisperse PNIPA polymerized with PETCP as an initiator and TA-G as a multifunctional terminating agent, the obtained polymer network was hydrolyzed and the molecular weights of the resultant polymers were measured by SEC. The ester linkage of the initiator is readily hydrolyzed by aqueous alkaline solution, whereas the bond obtained from the addition reaction of PNIPA to TA-G is stable under the same conditions. Thus, the obtained polymer gel was placed in an aqueous alkaline solution and allowed to stand for an appropriate period of time, affording polymers separated from the initiator. In other words, in the obtained polymer network, it is possible to know the structure of PNIPA chains in various combinations with TA-G, as shown in Fig. 4 . The SEC results of the polymers obtained by alkaline hydrolysis of both the star polymer and the polymer network synthesized without and with adding TA-G are shown in Fig. 4b , c. The SEC results of the star polymer and its hydrolysate show that there is not much difference in the lengths of the four chains (Fig. 4b) . This result indicates that a star polymer consisting of relatively monodisperse four polymer chains was obtained from the first polymerization reaction. On the other hand, the SEC trace shown in Fig. 4c displays several peaks and shoulders, revealing that PNIPA and TA-G underwent an addition reaction but became star polymers with different numbers of bonds. It can be seen that PNIPA is present as a dangling chain that has reacted with TA-G only at one site or not at all. In other words, TA-G has enough functional groups to bind with PNIPA chains having four halogenated ends by the addition reaction, but in this reaction system, the formation of a perfect mesh without dangling chains shown in Scheme 1 was not achieved. The reasons why the crosslinking reaction was not perfect were that the termination reaction between TA-G and the end of the polymer chain was not efficient and that the polymer chain that had reacted with TA-G could not react efficiently with the radical species on other polymer chains. However, a polymer network with narrow MWD polymers between the cross-linking points is obtained and is in a relatively homogeneous state. Furthermore, the network structure is extremely well formed compared with that of a gel prepared by the conventional method. Even under solvent conditions that allow polymer chains with a narrower MWD to be synthesized, gelation reactions occur due to the addition of metallic copper, facilitating the formation of a more homogeneous and complete network by controlling further reactions (see Supporting Information  Figs. S2-S4 ).
Conclusions
In this study, a polymerization reaction generated from a four-branched halogenated organic initiator utilizing a copper catalyst was combined with a radical addition reaction between the resultant halogen-terminated polymer and a four-branched allyl compound driven by the same catalyst. As a result, we found a method that can be employed to inherently prepare a polymer network composed of polymer chains of a narrow MWD by simply mixing the necessary compounds. The polymer gels synthesized by this method have a more homogeneous network structure than conventional polymer gels and almost no short-chain branching. Since this reaction can be applied to not only NIPA but also various other vinyl monomers, it can be used to prepare gels having homogeneous polymer network structures composed of various polymers. The resulting polymer gels having homogeneous polymer network structures may exhibit various functional properties based on the network structure composed of polymers of a narrow MWD. Since the best conditions for controlling the molecular weight cannot necessarily be utilized and the reaction with the multifunctional terminating agent is not optimized stoichiometrically, this reaction can be further improved. If we can discover better polymerization and cross-linking reactions, we will be able to prepare a polymer gel with a completely homogeneous network size. Such a polymer gel may be useful as a material with a high molecular sieving ability, a selective concentration ability for specific substances, and space for synthesizing a relatively large substance.
Experimental
Materials N-Isopropylacrylamide (NIPA) and tris(2-dimethylaminoethyl) amine (Me 6 TREN) were kindly provided by Kohjin and Mitsubishi Chemical. Copper(I) chloride (CuCl), hydrochloric acid (HCl), N,N-dimethylformamide (DMF), toluene, sodium hydroxide (NaOH), and potassium chloride (KCl) were purchased from Kanto Chemical. Hexane, tetrahydrofuran (THF), and methanol were purchased from Kishida Chemistry and used after distillation. Copper powder (Cu(0), 75 μm) and lithium chloride (LiCl) were purchased from Wako Pure Chemical Industries and used without purification. All water used in this study was purified with a Milli-Q Labo system (MILLIPORE). NIPA was recrystallized twice with a toluene/hexane mixed solvent system, suction filtered, dried, and used. Me 6 TREN and DMF were purified by vacuum distillation. CuCl was dissolved in concentrated HCl and added dropwise to water, and the obtained precipitate was suction filtered, dried, and used. Pentaerythritol tetra(2-chloropropionate) (PETCP) was purchased from Tokyo Chemical Industry as a special-order product and used as a multifunctional initiator. 1,3,4,6-Tetraallylglycoluril (TA-G) was provided by Shikoku Chemicals Corporation and used as a multifunctional terminating agent.
Synthesis of star-branched star PNIPA
In a flask purged with nitrogen, CuCl (or CuCl and Cu (0)) and Me 6 TREN were dissolved in water and stirred to disproportionate the catalyst. After 1 h, a solution of NIPA and PETCP dissolved in DMF/water was added, and the reaction was initiated under an argon atmosphere. During the reaction, the temperature was kept constant, and stirring was continued with a stirrer.
A part of the reaction solution was sampled with a syringe, and 1 H NMR analysis was performed. Based on the aldehyde peak (1H, 8.0 ppm) of DMF, the amount of which does not change during the reaction, the integral ratio of the proton peak (1H, 5.5 ppm) of the vinyl group of NIPA was determined, and Eq. (1) was used to calculate the reaction rate.
I NIPAt : integration ratio of the peak derived from the vinyl group of NIPA (1H, 5.5 ppm) at reaction time t.
The sampled solution was diluted with THF and purified on a silica gel column, and SEC analysis was carried out. After drying the sample purified with a silica gel column, it was diluted with an eluent to a final concentration of 0.5 wt%.
PETCP has four hydrolyzable ester groups, and the resulting star polymer can be decomposed into four-arm polymers. Therefore, the obtained four-branched star PNIPA was purified and hydrolyzed, and SEC analysis was carried out. The solution sampled during the latter stage of the reaction was diluted with THF; the catalyst was removed by a silica gel column, and the resulting solution was added to a dialysis tube (purchased from Spectrum Laboratories Inc., molecular weight cutoff = 1000). The solution was dialyzed against methanol for 2 days and then against ion-exchanged water for 5 days, and the purified product was obtained by lyophilization. The purified product was dissolved in an aqueous solution of 0.2 M KCl and 0.2 M NaOH and hydrolyzed by stirring for 3 days. After neutralization with dilute HCl, the salts were again removed by dialysis against deionized water for 3 days, and freeze-drying was carried out. The obtained purified product was diluted with an eluent to a final concentration of 0.5 wt%, and SEC analysis was performed.
Preparation of the PNIPA gel
CuCl (or CuCl and Cu (0)) and Me 6 TREN were dissolved in water in a nitrogen-purged test tube and stirred to disproportionate the catalyst. The total volume at this time was 0.5 ml. After 1 h, a DMF/water monomer solution in which NIPA, PETCP, and TA-G were dissolved was injected into the catalyst solution, and the reaction was initiated under an argon atmosphere. The total volume of the reaction solution was 4.0 ml. The monomer concentration was set to 2 M, which was considered equal to or higher than the overlapping concentration of the obtained PNIPA. After adding the monomer solution, stirring was continued with a stirrer for 10 min, and the temperature of the solution was kept constant. Because of the heat generated by the polymerization, the reaction mixture was stirred with sufficient care so that it could be gradually and efficiently cooled. Stirring was stopped; the reaction temperature was kept constant, and the mixture was allowed to stand. Finally, changes in the reaction solution were observed.
Hydrolysis of the PNIPA gel
PETCP has four ester groups that can be hydrolyzed by aqueous alkaline solution, whereas the structure of TA-G is not hydrolyzed under the same conditions. That is, selective hydrolysis of only the cross-linking points in the network structure of the obtained PNIPA gel derived from the initiator can be achieved. Therefore, the obtained PNIPA gel was hydrolyzed, and SEC measurements were carried out to obtain information on the cross-linked structure formed by TA-G. The experimental steps are described below. The obtained PNIPA gel was thoroughly washed with ion-exchanged water for 5 days. The washed PNIPA gel was immersed in an aqueous solution of 0.2 M KCl and 0.2 M NaOH and hydrolyzed by stirring for 3 days. After neutralizing the hydrolysate with dilute aqueous HCl solution, the salts were removed by dialyzing the resultant solution in a dialysis tube (purchased from Spectrum Laboratories Inc., molecular weight cutoff = 1000) for 3 days against ion-exchanged water. The purified product obtained was diluted with THF, and the remaining catalyst was removed by a silica gel column. Next, if the sample was not soluble in THF, a very small amount of DMF was added to dissolve it. After drying the solution obtained from column purification, it was diluted with an eluent to a final concentration of 0.5 wt%, and SEC analysis was carried out.
Measurements
Proton nuclear magnetic resonance spectrum (
H NMR)
For analytical equipment, a JNM-A400 spectrometer (JEOL) was used. Acetone-d 6 (containing 0.03% TMS) purchased from Kanto Chemical Co., Ltd. was used as the deuterated solvent.
Size-exclusion chromatography (SEC)
Tosoh α-M and α-3000 columns were connected to each other. A DMF solution in which 0.1 M LiCl was dissolved was used as the eluent. For analytical equipment, a PU-2080 pump and an RI-2031 detector (JASCO Corporation) were used. The flow rate was 1.0 ml/min, and the temperature was 40°C. Poly(methyl-methacrylate) (PMMA) was used as a standard sample, and PMMA of various molecular weights was purchased from Varian (M p : 645-1,677,000; M w /M n : 1.02-1.29) and Aldrich (M p : 2,730,000; M w /M n : 1.25).
